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Abstract. To understand the universe and to interpret the cosmological parameters gov-
erning its evolution it is necessary to contrast the data from galaxy surveys with simulation.
Typically it entails using computationally expensive N -body simulations. Computational
overhead makes it difficult to test the dependence of galaxy large scale structure on multiple
cosmological parameters. In this work, we suggest a parametric model to simulate large scale
structure. The new method provides a fast way to generate mock catalogs for testing multiple
cosmological parameters as well as providing a test bench for code development.
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1 Introduction
Future high statistics experiments will allow us to understand the cosmological phenomena
affecting the large scale structure of the universe. Increased sample sizes will demand a
control over the systematic uncertainties down to sub-percent level, which requires detailed
models that reproduce features observed in data. One of such features, the Baryon Acous-
tic Oscillation (BAO), is an imprint on galaxy distribution of density waves caused by the
fluctuations in primordial matter distribution [1]. BAO signal was observed by spectroscopic
galaxy surveys, where the galaxy coordinate along the line of sight (LOS) is inferred from its
redshift [2]. The peculiar motion of the galaxies results in the distortion of its position. This
effect is referred to as the Redshift-space distortions (RSD) [3] and is a property dependent
upon the growth of the universe.
To model the observed galaxy distribution, one needs to run a full simulation of the Uni-
verse evolving from the era of decoupling to present day. This is usually done by employing
N -body simulations, which use general relativity formalism to describe the dark matter kine-
matics, as well as the thermodynamics of the gas and matter. A detailed history about the
N-body simulations is provided in [4]. Full N-body simulation is a very CPU consuming op-
eration, which makes it challenging to explore of effect of the number of possible cosmological
parameters.
The parametric model described in this paper is developed to significantly reduce the
computational time, while reproducing the main features, e.g. BAO and RSD, present in
the observation data, or the full N-body simulations. The paper is structured as follows:
in Section 2, we explain our parametric model. In Section 3 we present the tests of the
performance on generated Azimov ‘toy’ data sets, i.e. mocks, using two point correlation
function and the corresponding power spectra.
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2 Description of the Model
Using our parametric model, we construct mock galaxy catalogs that account for the large
scale structure of the universe given a cosmological model. A mock galaxy catalog consists
of several populations of galaxies distributed over the surveyed volume satisfying an angular
mask that encompasses the region of interest. These populations include:
• uniformly distributed galaxies, referred to as “flat” galaxies ,
• galaxies that carry the imprinted BAO signal,
• “clumped” galaxies that model the gravitationally bound galaxy clusters.
All populations must follow the redshift distribution of the survey. This procedure that ensues
this is discussed in Sec. 2.3.
The distance of a given galaxy from the Earth, r, is calculated from its observed redshift
z in the comoving frame of reference given a set of cosmological parameters as:
r(z) =
c
H0
∫ z
0
dz′
(
ΩM (1 + z
′)3 + Ωk(1 + z′)2 + ΩΛ
)−1/2
=
c
H0
I(z) (2.1)
where c is the speed of light, H0 is the present day value of the Hubble constant, ΩM is
the relative matter density of the universe, Ωk measures the curvature of space, and ΩΛ
is the relative density due to the cosmological constant. In the parametric mocks these
parameters are defined by the user. In this paper we assume a ΛCDM+GR flat cosmology
with parameters consistent with those used in the analysis of the DR9 SDSS data set [5], e.g.,
H0 = 70 km s−1 Mpc−1, ΩM=0.31, ΩΛ=0.69, and Ωk=0.
2.1 Generating galaxies
Flat Galaxies: To model random distribution galaxies are distributed over the survey
volume by assuming uniform distribution in right ascension and declination over the surveyed
region determined by the user-defined angular mask. The distribution over the redshift also
follow the user-defined redshift distribution, P (z). The corresponding distances are calculated
using Eq. 2.1. The number of flat galaxies, Nflat, should be reasonably high since they are
later used as seed galaxies for generating more galaxies to mimic the gravitationally bound
galaxy clusters, “clumps”.
Center and Rim Galaxies: To inject BAO signal into the mocks, we randomly generate
Ncenter “centers” for BAO “bubbles” according to the uniform angular distribution and P (z).
Then, for each BAO center, we add Nrim “rim” galaxies displaced from the center by a
distance that is normal distributed with a mean of rBAO and width of σBAO (See Figure
1). Rim galaxies are uniformly distributed over the solid angle around the associated BAO
center. Some of the rim galaxies can be discarded to correct for the angular mask and redshift
distribution.
Clump Galaxies: “Clumping” is introduced around NRclump galaxies randomly drawn
from the newly-created mock catalog to mimic galaxy clusters. The number of clump galaxies
to be placed around the seed galaxy is pulled from a Poisson distribution with BAO centers
having a different mean number of clumping partners because of the potential access of dark
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Figure 1. The distribution of distance of the rim galaxy to their corresponding center galaxies. The
dashed vertical and the dotted horizontal lines show the input values for a BAO distance, rBAO, and
a smearing of the distance, σBAO.
matter around the BAO centers. The distance r of the clump galaxies to their respective seed
galaxy follows the distribution [6]:
f(r) = rscalePpareto (u; γ) (2.2)
where u is random number in [0, 1], rscale and γ are input parameters. The Ppareto is the
Pareto distribution given by:
Ppareto(u; γ) ∝
(
u−γ−1
)
(2.3)
Depending on the value of rscale, the model is capable of generating galaxy clusters and
superclusters. Examples of the distributions of different categories of clumped galaxies over
their distance to the seed galaxy are shown in Figure 2.
A cartoon in Fig. 3 shows a single center with the associated rim and clumped galaxies.
Not all the center galaxies and flat galaxies are selected to have clumps but all center galaxies
have the rim around them.
2.2 Modeling Redshift-Space Distortions
In spectroscopic surveys, the radial distances to the galaxies are anisotropically distorted due
their peculiar motions. In order to account for this distortion, we change the shape of the
BAO bubble by moving the galaxies along the LOS closer or farther to the respective center
galaxy, effectively changing the spherically shaped BAO bubble into a spheroid. We keep our
model as general as possible so that the user has an option to distort the BAO bubble in
directions other than along LOS.
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Figure 2. The distribution of the distance of clumped galaxies to their seeds for different categories
of seeds. It is described by Equation 2.2. The variations at the tail of the distributions are due to
statistics.
We first generate the BAO bubbles around their respective center galaxies using a local
cartesian coordinate system (centered on the bubble center), then we transform the bubbles
into global coordinates. In the case of the anisotropic BAO bubbles, we also rotate the BAO
bubble to ensure the proper LOS orientation. Examples of the isotropic and anisotropic BAO
bubbles are shown in Figure 4.
2.3 Acceptance Adjustment
It is important to guarantee that the newly produced data follow the user-defined redshift
distribution, P (z). Suppose the newly added galaxies follow the distribution Pmock(z). Then,
some galaxies need to be rejected to reproduce the original distribution P (z). This procedure
is referred to as the acceptance adjustment procedure.
We introduce a positively defined function (z) = P (z)/Pmock(z) with max being its
maximum value in the region of z under investigation. For every newly generated galaxy
with a redshift z, we throw a random number x uniformly distributed between zero and max.
If this number is greater than (z) the galaxy gets removed from the sample, otherwise it is
kept. The resultant distribution of remaining galaxies is P (z). An example of the result of
this procedure is shown in Figure 5. The efficiency of the acceptance adjustment procedure
is typically ∼97%.
3 Performance of the algorithm
We generate several mock catalogs with parameters listed in Table 1 to demonstrate the
performance of the method. These parameters are not intended to model the distributions in
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Figure 3. A small sample of galaxies generated with the model. The point (marked with ‘star’) at
the center is a center galaxy in the mock catalog. The center galaxy is surrounded by rim galaxies,
shown with diamond symbols, following a Gaussian distribution with a mean of 107.1 h−1Mpc and
smearing of 3.5 h−1Mpc. Clump galaxies following the power law are shown with light gray diamonds.
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Figure 4. Illustration of the BAO bubbles modeling. (left) A spherical BAO bubble in the absence
of RSD. (right) A spheroid BAO bubble distorted by the RSD.
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Figure 5. Redshift distribution of the galaxies generated by the algorithm before and after the
acceptance adjustment. The input template distribution is recovered after the acceptance adjustment
procedure is applied.
Completeness
Figure 6. The angular mask (marked by blue region) used for generating the mock catalogs with
parameters from in Table 1.
any specific catalog. They are rather chosen to highlight certain features of different type of
galaxies in the performance measures. The user-defined redshift distribution and the angular
mask are shown in Figures 5 and 6. A random catalog is also generated with the same
parameters as Mock 1 but with ∼5 times the number of galaxies. As performance measures,
we use two-point correlation function (2pcf), and the power spectrum (PS).
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Table 1. Parameters of mock data catalogs.
Parameter Mock 1 [flat] Mock 2 [clumps] Mock 3 [rims] Mock 4 [complete]
Ncenter 0 0 30k 30k
nrim 0 0 10 10
Nflat 750k 550k 450k 250k
NRclump 0 20k 0 20k
nclump 0 10 0 10
ncenterclump 0 10 0 10
γ 1.8
rmin[h
−1Mpc] 2.1
rscale[h
−1Mpc] 5.6
RBAO[h
−1Mpc] 107.1
σRBAO[h
−1Mpc] 3.5
h 0.7
ΩM 0.31
ΩΛ 0.69
3.1 Two-Point Correlation Function
We use two-point correlation function (2pcf) ξ(s) introduced by Peebles to quantify the large
scale structure produced by the discussed model. Given a spectroscopic survey containing the
3D coordinates of each galaxy there exist several possible ways to estimate ξ(s). The most
popular estimator is due to Landy-Szalay[7] (see also [8]), which is constructed by combining
pairs of galaxies from a catalog of measured objectsD (“data”) and from a randomly generated
catalog R with galaxies distributed uniformly over the fiducial volume of the survey but using
the same selection function as the data. The Landy-Szalay estimator is
ξˆ(s) =
DD(s)− 2DR(s) +RR(s)
RR(s)
, (3.1)
where DD, RR, and DR are the normalized distributions of the pairwise combinations of
galaxies from the data and random catalogs (plus cross terms) at given distances s from each
other. The distances s is calculated from the component parallel to the LOS, σ, and the
transverse component, pi as explained in [9]:
σ12 = (t1 + t2) sin
θ12
2
(3.2)
pi12 = | r1 − r2 | cos θ12
2
(3.3)
where θ12 is the angular separation between the two galaxies. r is the radial distance along
LOS evaluated according to Equation 2.1) and t is the transverse to LOS distance given
(under the assumption of small Ωk) by:
t(z) = r(z)
(
1 +
Ωk
6
(I(z))2
)
. (3.4)
– 7 –
We calculated the 2pcf using a python package called KITCAT1[10] developed based on [9].
We use 4 Mpc for the binning in s and we let KITCAT calculate the other configuration
parameters such as angular binnings following the prescription in [9] automatically.
In Figure 7, we show the one-dimensional 2pcf result for Mock 1 , Mock 2 , Mock 3 and
Mock 4 . Mock 1 shows no features whereas a definitive galaxy clustering correlation is
shown for Mock 2 . Mock 3 , that has only uniformly distributed galaxies and added BAO
bubbles, shows the characteristic BAO peak at the user-defined distance. As expected Mock
4 demonstrates all the features, including gravitational clumping feature at small distances
and the BAO peak at user-defined distance.
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Figure 7. 2pcf(left) and 2pcfs2(right) for the generated sample mocks described in Table 1. Inserts
show zoomed up region around RBAO
Similar features are present in the 2D 2pcf of these mocks (Figure 8). The correlation
values are plotted in logarithmic scale to enhance visual comparison. Mock 3 demonstrates
the imprinted isotropic BAO bubble with no redshift distortions (bottom-right panel of Figure
8). Note that the red lines in the figures show the expected BAO feature and the grey line
shows the BAO feature in the absence of RSD for the given conditions. For testing of the
anisotropy, we distort the BAO spheres in the mock generation as explained in Section 2.2.
We generate two new mock catalogs based on the parameters used for Mock 4 : a mock
catalog with BAO bubbles distorted along the LOS and a mock catalog with BAO bubbles
distorted perpendicular to the LOS (Figure 9). The results meet our expectations and follow
the expected BAO bubble aspects as shown in the figures.
3.2 Power Spectrum
To further characterize the large scale structure present in our mock catalogs, we compute
the spherically averaged power spectrum. The calculation is performed using nbodykit[11].
The process requires mass assignment onto a grid, so it can be sensitive to aliasing effects.
1https://github.com/DESI-UR/KITCAT
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Figure 8. 2D 2pcf for Mock 1 (top-left), Mock 2 (top-right), Mock 3 (bottom-left) and Mock
4 (bottom-right)
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Figure 9. 2D 2pcf for the anisotropic mocks in which the BAO bubbles are stretched along the
LOS(left) and perpendicular to the LOS(right). Red quarter circle shows the user-defined BAO
distance with the RSD and the blue line shows the same BAO bubble if there were no RSD.
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We briefly describe the corrections implemented in nbodykit’s ConvolvedFFTPower, which
follow the methods of Jing [12].
First, redshifts are converted back to distances according to Equation 2.1). The sim-
ulated survey cone is enclosed in a cube, which is then divided into a grid with 450 points
along each coordinate direction, forming a 4503 point grid. Values are assigned to the grid
points around each galaxy via the Triangle Shaped Cloud[13] (TSC) window function. A fast
Fourier transform (FFT) is applied to the grid according to
n˜(k) =
∑
x
n(x)w(x) exp(ik · x). (3.5)
Here, x denotes a unique grid point, n(x) gives the distribution of galaxies over the grid, and
w(x) gives a weighting scheme which is relevant to survey data, but is unity for each galaxy
in our mock catalogs. This notation is adopted from Blake[14]. The power spectrum is then
estimated by
P (k) =
|n˜(k)−NW˜ (k)|2 −N∑xW (x)w2(x)
N2Nc
∑
xW (x)w2(x)
. (3.6)
where N is the number of mock galaxies and Nc is the number of cells in the grid and W (x)
is the ‘survey’ selection function which gives the normalized expected galaxy count in each
grid cell, and accounts for the shape of the survey relative to the cubic box. This estimate,
however, is biased by the original grid assignment. Corrections to this are given at each
Fourier wavescale, k, by ∑
mH
2(k’)P (k’)
P (k)
. (3.7)
The sum is over vectors of integers, m = (mx,my,mz), where the value of each component
can range from zero to the number of grid points in that coordinate direction. k’ is the
wavevector k, but withm multiples of the Nyquist frequency, pini/Li, added in each direction.
H(k) compensates for the choice of mass assignment, TSC in this case[13]. It is given in the
form
H(k) =
∏
i
[sinc(piki/2kN )]
2. (3.8)
The power spectra presented here are computed by dividing Eq. 3.6 by Eq. 3.7.
Figure 10 displays the power spectrum of each mock described in Table 1, multiplied
by the wavescale k. A distinct ‘wiggling’ of the power spectrum is observed in Mock 3 and
Mock 4 . This indicates the presence of a characteristic length scale in real space (the BAO
radius). The overall shape of P (k) for Mock 2 and Mock 4 is dominated by the effects of
gravitational clumping. This is confirmed by the relatively flat spectra for Mock 1 and Mock
3 which do not contain clumping galaxies.
Figure 10 gives a more detailed picture of the BAO features without the effects of
galaxy clumping. The BAO structures’ signature oscillations are easily detected by dividing
the power spectrum by another reference spectrum and taking the log10. In this case, the
reference, or background spectrum for Mock 3 and Mock 4 is chosen to be Mock 1 and Mock
2 respectively. For Mock 1 and Mock 3 , 100 h−3Mpc3 are added to each spectrum so that
the log10 has a positive argument. To ensure a proper comparison between the magnitude of
the signal to the background spectrum, each one is normalized such that the value becomes
the probability that a randomly selected density wave contains that wavescale. The strong
oscillatory behavior observed in Figure 10 confirms the proper modeling of BAO signal in
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Figure 10. The spherically averaged power spectrum of mocks described in Table 1, multiplied
by the wavescale, k (left). The contribution of BAO structures to the spherically averaged power
spectrum, for two of the mocks featured in Table 1 (right). The signal is extracted by comparison to
an appropriately similar mock with no center or rim galaxies as described in the text.
the mock. The periodicity reflects that of a real space length scale around 108 h−1Mpc.
Furthermore, the extracted BAO signals in Mock 3 and Mock 4 are similar, reflecting the
fact that they were generated with the same values of Ncenter and nrim. These power spectra
demonstrate the versatility of our simulation, and confirm our expectations about the mocks
featured in this study.
4 Conclusion
We have presented a parametric model of large scale structure that allows for a fast evaluation
of a wide range of cosmological parameters. This model is realized in an extensive but easy
to use Python package, ParaMock2[15]. The installation instructions and usage are explained
in the package.
The performance of the model was tested on a number of mocks generated using the
code. The corresponding 2pcf and power spectra exhibit the features the mocks are generated
to model.
The method can be used for a fast evaluation of the galaxy correlations in large spectro-
scopic surveys. The mocks generated with the parametric model can also be used as a test
bench for evaluating the performance of BAO extraction algorithms.
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